Abstract-This paper describes how a mechanical disturbance on the shaft of a variable-speed permanent-magnet motor is propagated to the supply input side of the drive system, and therefore may be detected by monitoring specific frequency components in the rectifier input current. The propagation of the disturbance from the torque disturbance to the motor current, then to the dc link current, and finally to the rectifier input current is derived as a series of transfer functions, so that both the frequency and the amplitude of the disturbance component in the rectifier input current can be predicted for a specific mechanical disturbance. The limitations to detect the mechanical fault by monitoring only the supply currents are also addressed. Simulation and experimental results are presented to demonstrate the accuracy of the quantitative analysis and the potential for fault detection using the rectifier input currents.
Rectifier equivalent inductance and resistance. M Modulation index of the pulse-width modulation (PWM) inverter.
I. INTRODUCTION

C
ONDITION monitoring can improve the reliability of motor drive systems, and with sufficient resolution and knowledge, can be used to detect faults before they disrupt the drive operation. Many diagnostics methods have been investigated and applied, such as monitoring of vibration [1] , [2] , the flux measurement [3] , and the thermal monitoring [4] . These techniques tend to be employed for larger industrial drives and generators. Permanent magnet synchronous motors (PMSM) are now being generally employed for applications in "more electric aircraft" [5] , and also in applications such as power steering in automobiles due to their high power density and high efficiency. For these applications, it is usually not feasible to use the additional complexity of vibration or thermal measurements [6] due to cost, space, or reliability concerns.
Motor current signature analysis (MCSA) [7] is the most widely spread approach for condition monitoring, especially for mechanical faults [8] . MCSA requires measurement and processing of the stator currents to identify any abnormality in the machines by detecting changes in the harmonic content. However, measurement of the machine currents may be impractical in some cases, such as those where the power converter and the machine are integrated in a single unit or when the access to the machine and the power converter is impractical due to their location [9] , [10] . The use of integrated drives is being encouraged in aerospace and automotive applications; if there is a fault, it is easier to replace the full unit without affecting other systems. Integrated drives are usually considered as a "black box" purchased from a third party, so the access to internal signals is not always possible. It also may be preferable to monitor the drive's condition "externally", to provide a fault detection mechanism which is independent of the drive itself. This may be achieved by monitoring the drive's supply currents. In [9] , Cheng and Habetler proposed a new approach to detect the turn-to-turn short-circuit fault of the generators by using only the dc-current information, because of the difficulty to access the built-in rectifier ac current or the voltage of the generator.
This paper provides a theoretical analysis of the propagation path that a mechanical fault follows through the drive (in terms of both frequency and amplitude) from the torque disturbance to the rectifier input current, which is the supply current of the whole motor drive system. This quantitative theoretical analysis provides the base, and proposes limitation of the condition monitoring approach based on using only the ac supply current information. This includes the effect of the PMSM (through its torque producing current i q and the speed ripple), the PWM inverter, the dc link LC filter, and the uncontrolled rectifier. The analysis predicts not only the location of the sideband harmonics in the input rectifier current due to the torque disturbances seen by the machine, but also their magnitudes. This is important, since this analysis could be used to estimate the impact of mechanical faults on the ac grid or to develop auto tuning monitoring schemes in those systems operating under constantly changing conditions. This paper is focused only on the mechanical faults signature propagation.
The presentation of this paper is as follows. Section III gives a short explanation of expected torque disturbances due to several typical mechanical faults in a drive system. Section IV explains the propagation effect of the fault signatures and presents the analytical scheme to predict the frequency and magnitude of the fault signatures in the rectifier input current. In Section V, the minimum torque disturbance caused by the mechanical faults, which can be detected by the drive supply current monitoring, is analyzed based on the analysis given in Section IV. The fault signal transfer function is evaluated by simulation in Section VI, while experimental results are considered in Section VII. Finally, discussion and conclusion are included in Sections VIII and IX, respectively.
II. MECHANICAL FAULTS IN SERVO DRIVE SYSTEMS
Both mechanical fault and electrical faults generate torque disturbances [11] . In this paper, only the mechanical faults are studied. Common mechanical faults in variable speed drives are bearing faults, eccentricity related faults, and gearbox faults. Each fault type has a set of characteristic torque disturbance frequencies associated with it. To be able to diagnose a specific mechanical fault by detecting a disturbance frequency in the supply current, the machine's speed and the characteristic frequencies of specific mechanical faults need to be known.
A. Bearing Faults
Bearing faults including outer race defect, inner race defect, ball defect, and cage defect will cause an increment in the vibration; and therefore, a torque disturbance related to the fault.
The vibration frequency will be determined by the motor speed, the bearing fault type, and the bearing geometry. Typical frequencies are given in [12] - [14] .
B. Eccentricity Related Faults
The term "Eccentricity" is usually employed when the airgap in the machine is not uniform. This results when the stator bore is not properly manufactured or there is an incorrect mounting of the rotor, and can be classified into two categories: static or dynamic [3] . For static eccentricity, the minimum airgap is fixed at the same geometric position. In the case of static eccentricity, the nonuniformity of the airgap, and therefore, flux is time-independent [15] . Severe static eccentricity can give rise to unbalanced magnetic pull, and therefore, causes shaft flexing and dynamic eccentricity [2] . For the case of dynamic eccentricity, the center of the rotor is not exactly the center of the stator core, and the minimum airgap position will rotate with the rotor. If both static and dynamic eccentricities exist together, the torque disturbance components (f ecc ), which are integer times of the rotational frequency may be observed, which are given by [6] f ecc = n · f r (1) where f r is the motor rotational frequency and n = 1, 2, 3 . . .
C. Gearbox Faults
When defective gears are present, a vibration will be clearly observed and the spectrum of the vibration will indicate the gear fault. For a single defect on a single tooth, such as a cracked, broken, or missing tooth, a shock pulse will be induced each time this defect tooth meshes. Therefore, the vibrations will be n · f r , and also will show up as the sideband of the mesh frequencies: f m ± n · f r , where n = 1, 2, 3, . . ., and f m is the gear mesh frequency (f m = N · f r , where N is teeth number of the gear [6] ). If there are two defective teeth, two shock pulses will be created in each revolution and the vibration will be 2n · f r [16] .
Most of the faults described in this section create a torque disturbance whose frequency can be estimated, if the characteristics of the mechanical system and the shaft speed are known. The work described in this paper considers the faults which appear as a torque disturbance on the shaft, and does not consider the additional flux coupling effects due to nonuniform airgap. The approach will therefore concentrate on faults, such as gear faults, faults on bearings external to the motor, and faults which develop in the load application itself.
III. SIGNAL PROPAGATION THROUGH THE DRIVE SYSTEM
This section analyzes how a torque disturbance applied to the shaft of the machine propagates through the motor drive and appears as frequency components in the rectifier input currents. The typical structure of a three-phase motor drive system is shown in Fig. 1 . To analyze the fault propagation, the motor drive system is split into three parts: the machine (PMSM), the PWM inverter, and the three-phase six-pulse uncontrolled rectifier linked to the inverter through a dc link LC filter. 
A. Fault Signal Propagating Through the Machine
A PMSM is usually controlled using a method such as vector control [17] . The vector control method decouples the stator current into independent field and torque-producing components through coordinate transformations, and then, controls the electrical torque of the machine directly through the fast current control [18] . A PMSM drive controlled by the vector-control method together with its voltage decoupling compensation is shown in the Fig. 2 , while the simplified control schematic of the servo drive system is shown in Fig. 3 .
A mechanical fault appearing at the shaft of the motor running in the steady state will cause torque disturbance, whose frequency f f is determined by the fault type, as described in the previous section. This torque disturbance will create a fluctuation in the speed of the machine at the same frequency. The outer-loop speed controller will therefore attempt to reduce this fluctuation, and a component will appear at the disturbance frequency on both the torque producing (q-axis) current reference and the actual q-axis current i q . This disturbance in i q will be observed as two sideband components: |f e ± f f | around the motor excitation frequency f e in the stator currents of the machine [19] .
From Fig. 3 , the disturbance current component i qf can be derived from the transfer function, relating the torque disturbance T d to the q-axis current i q . The transfer function for this system will be referred as G I q 2T d (s) and is given by (2) [20]
where G cs (s) is the speed controller, K t is the machine's torque constant, J is the inertia, and B is the frictional coefficient. G clc (s) is the transfer function of the closed-loop current control which is given by (3) [20] 
where G cc (s) is the current controller, L q is the q-axis inductance, and R s is the stator resistance. The amplitude and phase of i qf can be derived as
where T df and ϕ f are the amplitude and phase of the torque disturbance, respectively, at the disturbance frequency f f caused by the specific mechanical fault; f = 2π · f f . In a similar way, the speed fluctuation caused by the fault can be calculated by using (5), which relates the motor speed to the torque disturbance [20] 
The speed change in terms of amplitude and phase response ( rf and φ ) due to a torque disturbance can be expressed as [20] 
It can be seen that for a given drive and load, the bandwidth of the speed controller has a significant effect on the propagation of the fault through the drive system. High-performance "servo drives" have relatively high speed controller bandwidths, and will therefore, create a higher amplitude disturbance in i q than lower bandwidth speed controllers. [21] 
B. Fault Signal Propagating Through the PWM Inverter
Considering the subsystem, including the PWM inverter and the PMSM, which is depicted in Fig. 2 , the disturbance components on i q and the motor speed will be propagated to the inverter dc-side current at the same frequency f f . Assuming no conduction loss in the inverter, the instantaneous active power on the inverter dc and ac side should always be equal [i.e., P ac (t) = P dc (t)] [22] , which can be calculated as
where U dc is the mean value of the inverter dc-side voltage; the 3/2 term results from the use of the peak convention for the transformations [23] , u d (t) and u q (t) are control variables, and can be deduced from the DQ model of the machine given by (9) and (10) [23]
where λ is the flux generated by the rotor permanent magnets, and P is the number of pole pairs. If an ideal vector controller is assumed, then i d is controlled to be zero [23] . If eccentricity effects were to be considered, they would contribute a faultrelated component to the flux. For this paper, airgap related faults have been ignored. Combining (7)-(10), the fault current (i idcf ) at f f on the inverter dc side can be calculated with a very-high accuracy if the system parameters (motor parameters, speed, and current controllers) are well-known, by using the following [20] :
where ϕ i, , ϕ are defined in (4) and (6), respectively, and I q is the dc component of i q .
It is assumed that the ripple in the motor speed is kept very small by the speed controller; and therefore, only appears as very small components of the PWM modulation index M. These are reasonable assumptions to make, especially if the motor is operating at medium or high speed, and the fundamental component of the modulation index is reasonably large. According to these assumptions, the disturbance component in (11) can be simplified as [20] where M is the fundamental component of the modulation index, r is the phase difference between the motor phase voltage and the current, and cos (r) is the power factor of the load. Since a PMSM machine usually operates at a very high power factor (i.e., close to unity), component cos (r) can also be neglected to simplify the analysis.
C. Fault Signal Propagating Through the Rectifier Bridge
A three-phase diode bridge rectifier with an LC filter and a disturbance current source on the dc side is shown in Fig. 4 .
The supply voltages e a , e b , e c are defined as
where i = 2πf i and f i is the rectifier input frequency. The rectifier load current i load consists of three components [25] : the dc load current I lDC , harmonics related to the supply, and a disturbance current i f = I f sin( f t) transmitted from the inverter dc side at frequency f f , and is given by
To analyze the operation of the uncontrolled rectifier, the switching function is applied [24] . With the switching function S a , S b , and S c per phase, the input and output voltage and current of a six-pulse uncontrolled rectifier can be related using the following equations [24] :
The switching function for each phase is decided by the operation of the diodes in each phase as shown in Fig. 5 . The switching function for the specific phase should be 1 or -1 in the nonoverlap conducting period, be 0.5 or −0.5 when the diode is in overlap period, i.e., commutating to another phase, and be zero when the diode is not conducting [24] .
Treating the bridge diodes as ideal switches, with a balanced three-phase ac power supply and the rectifier operating in the continuous conduction mode [24] , the switching function S a for Fig. 5 . Switching function for a six-pulse uncontrolled rectifier [20] .
phase a can be derived using a Fourier series
where k = 6l ± 1, (1 = 0, 1, 2, . . . ; k > 0), and u is the overlap angle, which is given by [24] 
For a balanced three-phase system, the switching functions (S b , S c ) for phases b and c can be easily derived with (− 2 3 π) and ( 2 3 π) phase shifts from S a , respectively [24] . Assuming that the disturbance current on the rectifier dc side caused by the fault is i rdcf = I rdcf sin ( f + α r ), the disturbance current on the rectifier ac side (i raf ) can be derived from i rdcf using (16) as: i raf = i rdcf S a . The disturbance component of the output voltage of the diode bridge u rdcf can be deduced using (15) 
To simplify the calculation, only the first-order component of the switching function is considered. This simplification will produce an error when L a is significant, when compared to L; therefore, this simplification is only suitable for applications where the filtering inductor is placed on the dc side rather than the ac side of the rectifier. This is usually the case for systems where the rectifier harmonic content is considered as a part of the drive design, such as drives for more electric aircrafts, rather than fitted retrospectively. The component u rdcf can therefore be simplified to Fig. 6 . Equivalent circuit at the fault frequency in the rectifier [20] .
By only considering the disturbance frequency f f , according to (20) , the uncontrolled diode bridge, the dc link filter and the load can be represented by the equivalent circuit shown in Fig. 6 , where R r and L r are the equivalent resistance and inductance transferred from the rectifier ac side to the dc side using the switching function of the uncontrolled diode bridge [20] 
With this equivalent circuit and considering only the first order of the switching function, the magnitude of the disturbance current I rdcf on the rectifier dc side can be derived from the current disturbance component i f in the load current as [20] 
The disturbance current on the rectifier dc side I rdcf will be transferred to the ac side as two sideband components in (i raf ), i.e., |f i ± f f | around the rectifier supply frequency f i , whose amplitude can be derived using the first order of the switching functions [20] I raf =
Note that if the drive were fed from a dc rather than an ac supply, such as drives found in automotive systems, or those in aircrafts with dc supplies, then the transfer function associated with the supply side would simply consider the dc link filter.
D. Signal Propagation Through the Full Servo Drive
The system considered in this paper is the integrated system shown in Fig. 1 , in which the rectifier system shown in Fig. 4 and the inverter driven PMSM motor system given in Fig. 2 are connected with the dc link LC filter. Therefore, the disturbance current in the PMSM q-axis (i qf ) and motor speed ripple ( rf ) caused by the torque disturbance will propagate through the PMSM, PWM inverter, the dc link filter, and the rectifier, and finally arrives at the rectifier ac side as a disturbance current component i ra . i ra can be calculated from the disturbance current component in dc link current i idcf . If only the disturbance (fault) frequency is considered, the integrated system shown in Fig. 1 can be depicted as the equivalent circuit shown in Fig. 7 , in which the rectifier ac-side impedance is transferred into the dc side using (20) and (21), based on the switching function. The machine is modeled in the dq frame introduced in (9) and (10), while the PWM inverter can be represented as a transformer [25] , which is depicted in Fig. 7 [26] .
This configuration is different from the system given in Fig. 2 , as the inverter dc-side voltage is no longer considered to be an ideal dc voltage, and the disturbance component has been included. As only the disturbance signals are of concern in this paper, all the system related harmonic components are ignored. The inverter dc-side current and voltage can be assumed to be
where I iDC and U iDC are dc components. Using (20) , the inverter dc-side instantaneous power can be expressed as
where
As the instantaneous power on the inverter dc and the ac side should always be identical, p idc = p iac [22] . Combining (8) with (25) , the disturbance current in the inverter dc side i idcf can be derived as
where ϕ i, , ϕ are defined in (4) and (6), a, b, and ϕ 1 are given in Fig. 11(a)-(c) . According to the equivalent circuit in Fig. 7 and by considering (22) and (23), the rectifier input-side disturbance current I raf can be calculated from the torque disturbance caused by the fault condition by using the system mechanical and electrical parameters [26] 
Equation (27) defines how the disturbance torque is propagated through the integrated system to appear as a disturbancerelated component of the rectifier input current, and can be used to estimate the magnitude of this component.
IV. LIMITATION OF THE CONDITION MONITORING METHOD BY MONITORING ONLY SUPPLY CURRENTS
The most important objectives of theoretically deriving the fault signal transformation through the drive system is to understand the limitations of this diagnosis method, by which only the supply currents are monitored when applied to a specific drive system, i.e., to understand the minimum torque disturbance caused by a mechanical fault, which can be detected by this method using a specified experimental rig. Considering the practical applications, certain constraints for the measurement systems and the control strategy are not ignorable. All these measurement constrains, controller bandwidths, the fault frequency, and system mechanical parameters (inertia and friction) will determine this minimum detectable torque disturbance. The most important factors determining this limit are the resolution of the speed/position measurement and the resolution/sensitivity of the analogue to digital converters (ADCs) used to measure the input current [26] .
For the experimental system used in this research, the rotor position is sampled at 200 Hz for the speed controller. Therefore, the maximum detectable disturbance frequency for the speed controller used in this paper is the Nyquist frequency 100 Hz. In this experimental rig, a 4096 pulse per revolution quadrature optical encoder is used to measure the rotor position to provide vector orientation and to obtain the rotor speed. The encoder resolution therefore is θ res = 2π/(4 × 4096) [rad] . As the speed loop sampling frequency is 200 Hz, the speed resolution can be derived as: r res = θ res · f s = 0.0767[rad/sec]. For aerospace applications, to achieve the high performance and the accurate control, normally, analogue resolvers will be used rather than encoders. Therefore, the ADC resolution will affect the detection limitations. Since the ADC resolution is much better than the encoder resolution, the speed loop sampling frequency can be increased significantly to achieve the certain speed measurement resolution [26] .
To guarantee that the speed oscillation can be detected by the encoder, the peak-to-peak amplitude of the speed ripple created by the mechanical fault need to be bigger than this speed resolution r res . With the transfer function G 2T d (s) from the motor speed to the torque disturbance given in (5), the minimum torque disturbance can be calculated with [26] 
where G clc (s) is given in (3), and G cs (s) is the speed-loop controller.
By substituting the motor parameters and the speed and current controllers used in this paper, the minimum detectable torque disturbance (as constrained by the encoder resolution) plotted as a function of the fault frequency is shown in Fig. 8 (red curve). Generally this minimum measureable torque disturbance increases with increasing the fault frequency due to the bandwidth of the speed loop.
The other major factor affecting this minimum detectable torque disturbance is the resolution/sensitivity of the ADC for the current transducers implemented in the systems. There are two sets of current transducers applied in the whole system. One set is sensing the PMSM motor currents to provide feedback for the current control, and another set is used to detect the rectifier input current to diagnose fault conditions. The ripple in supply currents produced by the fault conditions has to be detectable, and also a good accuracy needs to be provided to guarantee the accuracy of the current control and diagnosing the faulty condition. For this research, 16-bit ADCs were implemented. The measurement range of the current transducer implemented in this research is 20 A. Ignoring the first bit for the sign, the ADC resolution for the rectifier input current is I res = I m a x 2 1 5 = 0.6 mA. However, in practice, the current transducer operates in a noisy environment. From the calibration, the minimum change in the current that can be sensed with this current transducer applied in the experimental test is about 2 mA. Since 2 mA is much bigger than 0.6 mA, 2 mA will be considered when calculating the detection limitation. The disturbance component in the rectifier input current caused by the mechanical faults need to be bigger than the minimum detectable threshold (2 mA) of the current transducer to indicate the fault condition. Using (27) , the minimum torque disturbance detectable for the current transducer/ADC used can be calculated as a function of disturbance frequency, as shown in Fig. 8 (blue curve). It is interesting to note the effect of the dc link LC circuit-its resonant frequency is around 68 Hz-and this resonant effect may be used to improve the detection resolution.
The other set of the current transducers applied in this PMSM motor drive system are the ones measuring motor stator currents. The i q current is transformed from measured three-phase PMSM stator currents through the DQ transformation and 2/3 transformation [27] : eqn. (30) shown at the bottom of the page.
According to (29) [27] , and i d (t) = 0, i q (t) = I q + I qf sin( f t + ϕ q ), the stator currents can be derived as (30). From (30), it can be seen that i q disturbance component with the frequency f f generates two sideband disturbance components, |f e ± f f | in the stator currents with the attenuation as 0.5. When a torque disturbance occurs in the motor system due to a fault condition, if the minimum detectable disturbance current in the stator currents is 2 mA, the minimum detectable i q current ripple at the disturbance frequency should be 4 mA. Similar to the encoder resolution, using the transfer function from the i q current to the torque disturbance presented in (4), the minimum torque disturbance to make the disturbance current measurable by the current loop can be derived by (31), which is also illustrated in Fig 8 (green curve) where G clc (s) is the closed current-loop transfer function and G cs (s) is the speed-loop controller. Considering all three the factors, the minimum detectable torque disturbance for this diagnostic method should be the maximum of these three torque disturbance thresholds. It is quite clear that the torque disturbance threshold from the encoder resolution is the dominant one in this experimental system.
T d det ectable
I q = I q measure G I q 2T d (s) s=j f = 0.002 · Js + B + G cs (s)G clc (s)K t G cs (s)G clc (s) s = j f (31) ⎡ ⎢ ⎢ ⎢ ⎣ i a (t) i b (t) i c (t) ⎤ ⎥ ⎥ ⎥ ⎦ = ⎡ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ sin ( t + π)I q + I qf 2 sin ( + f )t + ϕ q + π 2 + sin ( − f )t − ϕ q − π 2 sin t − 2 3 π + π I q + I qf 2 sin ( + f )t + ϕ q − 2 3 π + π 2 + sin ( − f )t − ϕ q − 2 3 π − π 2 sin ( t + 2 3 π + π)I q + I qf 2 sin ( + f )t + ϕ q + 2 3 π + π 2 + sin ( − f )t − ϕ q + 2 3 π − π 2 ⎤ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ .(30)
V. SIMULATION STUDIES
A series of MATLAB simulations were applied to verify the assumptions and conversions made for the quantitative theoretical analysis of the disturbance current propagation through the integrated motor drive system shown in Fig. 1 . Table A of the appendix shows relevant electrical and mechanical parameters for the experimental system and the system used for the simulation studies. The uncontrolled diode bridge rectifier, PWM inverter, and PMSM motor were created with the PLECS toolbox [28] .
The motor speed reference was set to f r = 20 Hz and the load was approximately 90% of the rated load, which was similar to the load applied in the experimental tests. Different torque disturbance frequencies were applied in the simulation to observe their propagation through the drive. Frequencies considered were 12, 22, 45, 55, 65, 72 , and 82 Hz, and the disturbance torque amplitude was 2 N·m. The theoretical results for the rectifier input-side disturbance current calculated with (27) are compared with the simulation results and shown in Fig. 9 . The error for the rectifier input-side disturbance current is very tiny. It is clear that the simulation results and the theoretical analysis have a very good agreement. This demonstrates that the theoretical approach employed is valid, particularly the mathematical manipulations and equivalent circuits described in Section III. Ideal components, except using a 0.7-volt voltagedrop and very-small on-resistances (1 mΩ) for the diodes in the uncontrolled rectifier, have been employed as the influence of the nonlinearities of the active and passive devices is better illustrated by the experiment.
VI. EXPERIMENTAL RESULTS
This section presents experimental results for the torque signature propagation for the experimental system consisting of a six-pole 3.82-kW PM industrial machine and a dc machine as the load. Relevant parameters for the experimental system are given in the Appendix. The bandwidth of the speed loop and current loop are 2.2 and 433 Hz, respectively. The speed controller is G cs (s) = (0.47s + 5.1)/s and the current controller is designed as G cc (s) = (21s + 30660)/s [20] . A PWM inverter using a switching frequency of 10 kHz is implemented. The sampling frequency for the current controllers is 10 kHz, while the speed controller is 200 Hz. The PMSM is controlled using indirect vector control by a bespoke DSP-based control system. [20] To validate the quantitative analysis of the propagation of fault signals, a series of experimental tests were applied, in which a torque disturbance was applied to the PMSM by injecting a specific disturbance current into the armature current of the dc machine to emulate the faulty conditions. The frequency of this injecting current is changed to validate the generalized theoretical analysis. 12, 22, 45, 55, 65, 72, and 82 Hz are randomly selected as example fault frequencies.
The motor was operated at f r = 20 Hz with approximately 90% rated load. As the purpose of these tests was to validate the accuracy of the quantitative analysis, 2-N·m torque disturbance is applied to achieve better measurement accuracy. The inverter dc-side, rectifier dc-side, and rectifier ac-side currents were measured using an oscilloscope and current probes and analyzed offline using a MATLAB FFT program [28] to obtain the disturbance current amplitudes.
In Fig. 10 , the predicted and measured rectifier ac-side disturbance currents are compared, while the predicted and measured inverter dc-side disturbance current are illustrated and compared in Fig. 11 . The theoretical and experimental results match very well (to within 15% error). This is a reasonable error level for an experimental system, considering that the system contains several nonlinearities which have been ignored in the theoretical analysis. Perhaps the dominant assumption is that the dc and ac inductors are considered to be linear (i.e., both saturation and skin depth effects have been ignored).
From the simple experimental tests considered here, it can been seen that the torque disturbance frequencies in the range 0-100 Hz can be detected by analyzing the rectifier input current. For the rotational speed used in the tests (20-Hz mechanical) the main mechanical fault frequencies that could occur in this range are 20 and 40 Hz, due to gearing box faults (gear ratio = 1) or eccentricity faults and 76.8, 123.2, 35.4, and 7.68 Hz caused by the outer race, the inner race, the ball, and the cage defect of the bearing, respectively (for the 5414 bearing used in the experimental system). Further work is required here to demonstrate that the method can identify specific mechanical faults.
From Fig. 10 , the resonant frequency at 68 Hz can be observed clearly, which is determined by the dc link inductance, capacitance, and rectifier ac-side inductance. It can be seen that the disturbance current in the rectifier dc-side is amplified several times compared to the disturbance current in the inverter dc-side current, when the disturbance frequency is close to the resonant frequency. This amplification also affects the magnitude of the disturbance component in the supply current. This means that condition monitoring may be easier for disturbance frequencies around the resonant frequency-something which may be exploited in the final condition-monitoring algorithm. A more accurate representation of the passive components (including parasitic resistance) needs to be incorporated in the equivalent circuit, if this is to be exploited.
VII. DISCUSSION
To put the work into context, a real gearbox fault signature has been investigated. A second experimental rig contains a variable speed motor which drives a programmable magnetic brake through a two-stage planetary gearbox and a parallel shaft gearbox [29] . A fault was introduced by removing a tooth from the second stage of the planetary gear. The mechanical torque measured by the torque transducer is illustrated in Fig. 12 , when the motor was operating at 20 Hz and the full load. The resultant torque disturbance appeared at the rotation frequency (f r = 20 Hz), and also 2f r , and 3f r . The most significant torque disturbance is located at f r , whose amplitude is about 6% of the rated torque. This is approximately one-fifth of the size of the disturbance used in Section V, and can therefore, potentially be detected in the supply-side current if sufficient resolution is available in the supply-current transducers and data-acquisition equipment. The minimum detectable torque disturbance for a specific system will be determined by the bandwidth of the speed and current controllers, the mechanical parameters (inertial and friction), circuit parameters of LC filter, the torque disturbance frequency, and also the motor current measurement accuracy and the rectifier input current measurement accuracy.
It should also be noted that the method is also applicable to drives fed from a dc supply. DCs may be used for future aircraft and marine power distribution systems. Fig. 11 shows that a stronger current signature appears in the inverter dc-side current, before being attenuated by the LC components of the dc link filter in the experimental tests address in Section VII. The analysis presented in this paper may also be of use in these applications.
VIII. CONCLUSION
This paper has presented a quantitative theoretical analysis of the fault signal propagation through a permanent-magnet synchronous motor drive, from the torque disturbance at the shaft caused by the mechanical faults to the rectifier input currents. The simulation and experiment results verify the good accuracy for using the method to predict the amplitude of the harmonic frequencies in the input related to torque disturbances. The analyzes could therefore be used as part of a condition-monitoring process. For example, it could be used to theoretically set the threshold values for harmonic frequencies measured in the input current, which correspond to the onset of severe mechanical faults which could require the drive to cease the operation. 
APPENDIX
